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RESEARCH ARTICLE 

Changes in extracellular striatal acetylcholine and brain 
seizure activity following acute exposure to nerve agents 
in freely moving guinea pigs 

John C. O'Donnell, John H. McDonough, and Tsung-Ming Shih 

Pharmacology Branch, Research Division, US Army Medical Research Institute of Chemical Defense, Aberdeen Proving 
Ground, MD 21010-5400, USA 

Abstract 
Organophosphorus nerve agents irreversibly inhibit acetylcholinesterase (AChE) in the peripheral and central 
nervous systems, causing an increase in the concentration of acetylcholine (ACh) in the synapse or neuromus
cular junction and subsequent adverse effects. In this study, in vivo microdialysis was utilized to collect samples 
from the striatum for monitoring changes in extracellular ACh levels along with cortical electroencephalographic 
(EEG) recordings for identifying seizure activity after acute subcutaneous (s.c.) exposure to 1.0 x LDso of the nerve 
agents sarin, soman, or one of two V-type agents (VX, or a Russian V-agent, designated VR) in unanesthetized 
freely moving guinea pigs. Based on EEG recordings, these animals were subsequently divided into groups that 
developed seizures (5) and those that did not develop seizures (N5). Maximum ACh levels in the striatum were 
observed at 60-70 min for sarin and soman 5 groups and 105 min for VX and VR 5 groups. In all N5 groups the 
greatest increase in extracellular ACh occurred within 30 min after exposure, although in the sarin N5 group a few 
sporadic increases of ACh from control occurred. Animals that developed seizures, regardless of the nerve agent, 
had significantly higher extracellular striatal ACh levels compared to the controls or those animals that did not 
develop seizures, yet both 5 and N5 groups displayed similar levels of blood AChE inhibition. Regardless of the 
agent, all animals in the non-seizure groups survived 24 h, while lethality (25-42%) was observed only in animals 
that experienced seizure activity. 

Keywords: Acetylcholine; acetylcholinesterase; choline; guinea pig; in vivo microdialysis; nerve agents; organo
phosphorus compounds; sarin; seizure activity; soman; VR; VX 

Introduction 

Organophosphorus (OP) nerve agents are potent inhibitors 
of cholinesterase (ChE) enzymes, in particular acetylcho
linesterase (AChE), the enzyme responsible for hydrolyz
ing acetylcholine (ACh) in the synapse and neuromuscular 
junctions (Taylor 2001). Inhibition of AChE leads to an accu
mulation of extracellular ACh within the synapses of both 
the central (CNS) and peripheral (PNS) nervous systems 
(Taylor 2001). Accumulation ofACh results in hyperactivity 
of the cholinergic system that can produce a sequence of 
toxic signs such as hypersecretion, bronchoconstriction, 
miosis, muscular twitching, mental confusion, convulsive 
seizures, flaccid paralysis, respiratory distress, and death 
(McDonough and Shih 1997; Ecobichon 2001; Taylor 2001; 

Eddleston et al. 2004b). The current US military treatment 
regimen for OP poisoning consists of administration of 
atropine sulfate, a muscarinic ACh receptor antagonist, 
and the oxime 2-PAM (pralidoxime; pyridine-2-aldoxime 
methylchloride), an AChE reactivator. To curb brain seizures 
and motor convulsions the benzodiazepine drug diazepam 
is also used (Moore et al. 1995; Lallement et al. 1997; Taylor 
2001; Eddleston et al. 2004a). 

The progression of neurochemical events following nerve 
agent poisoning at doses sufficient to elicit seizures can 
be divided into three phases: an early cholinergic phase, 
a transitional phase of progressively mixed cholinergic/ 
non-cholinergic modulation, and finally a predominately 
non-cholinergic phase (McDonough and Shih 1997; Shih 
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and McDonough 1997). Changes in neurotransmitter and 
metabolite levels have been measured in brain sub-region 
homogenates of rodents following intoxication with the 
nerve agent soman (Shih 1982; Fosbraey et al. 1990; Shih 
and McDonough 1997). These changes, however, did not 
discriminate between extra-and intra-cellular pools of ACh, 
which reflect, respectively, the synaptic cholinergic trans
mission and the storage of the transmitter (Lallement et al. 
1992). The measurement of the extracellular ACh release 
provides more precise information on the involvement of 
the cholinergic system in the generation of seizures or other 
toxic signs. In previously reported research, the rat model 
has been used for intracranial micro dialysis studies of extra
cellular ACh levels in soman-exposed animals (Lallement 
et al. 1992; Tonduli et al. 1999). In rats, soman intoxication 
caused a two-phase pattern of ACh release in the medial 
septum and hippocampus, while in the amygdala there 
was a steady rise to a maximum ACh release after 50 min 
(Lallement et al. 1992). These earlier studies focused only 
on the effects of soman. However, other nerve agents, such 
as sarin and VX, that had been reported to be employed dur
ing war conflicts and terrorist attacks (Malloy 2000; Szinicz 
2005; Smart et al. 2008), were not investigated. 

To develop improved broad-spectrum therapeutic anti
dotes to treat nerve agent poisoning, more work is needed 
to understand the diverse effects of these nerve agents as 
they relate to differences in the agents' structures, physical 
properties, and metabolism. For example, sarin and soman 
are methylphosphonofluoridate anhydrides and are clear, 
colorless liquids that are volatile at room temperature and 
pose a vapor threat. In contrast, V-type nerve agents such 
as VX or the Russian V-type agent, designated VR, are phos
phonic acid thioesters and are oily liquids with low volatility 
at ambient temperature and pose primarily a percutaneous 
threat (structures shown in Figure 1). Both VR and VX are 
charged, whereas the sarin or soman do not carry a charge. 
V-agents circulate in vivo as protonated amines and are 
metabolically more persistent than agents like sarin or 
soman. V-agents are hydrolyzed much more slowly than 
agents like sarin or soman, and some of the hydrolysis 
products of V-agents are presumably toxic. V-agents may 
be metabolized by routes that are not available for agents 
like sarin or soman such as oxidation reactions at nitrogen 
and/or sulfur moieties. V-agents react more slowly, if at all, 

with carboxylesterases and phosphorylphosphatases than 
do agents like sarin or soman (Munro et al. 1999; van der 
Schans et al. 2003). Additionally, V-agents and agents like 
sarin or soman are brain region and tissue compartment 
specific in their ability to inhibit AChE activity (Shih et al. 
2005). Clearly, the large body of pharmacological research 
that has focused on soman alone may not be sufficient to 
guide efforts in developing medical countermeasures for a 
broad spectrum of diverse OP nerve agents. 

In this study we examine and compare the time-course 
effects of a single acute exposure to toxic doses of the nerve 
agents sarin and soman to the V-agents, VX or VR, on brain 
seizure activity and extracellular striatal levels of ACh 
Simultaneously in unanesthetized, freely moving guinea 
pigs. In addition, we examine the relationship between 
ACh changes and C.NS signs (e.g. seizures) of nerve agent 
poisoning, and between seizures and lethality of nerve 
agent toxicity. 

Extracellular ACh measurements for evaluation of the 
aforementioned relationships were obtained by microdialy
sis collection in the striatum. The striatum is a relatively large 
structure that allows for consistent and accurate cannula 
implantation. Additionally, this brain region is composed of 
a relatively high number of cholinergic interneurons, pro
viding a high density of AChE and easily detectable extra
cellular concentrations of ACh. Most importantly, it serves 
as an excellent indicator of events taking place throughout 
the cholinergic system following nerve agent exposure. The 
striatum accounts for most of the basal ganglion, which has 
been implicated in OP-induced seizure potentiation, and 
is extensively innervated by excitatory afferent neurons 
from the neocortex and substantia nigra, which have been 
respectively identified as a seizurogenic area and an area 
vital for seizure propagation during nerve agent poisoning 
(Glenn et al. 1987). 

Materials and methods 

Subjects 
Male Hartley guinea pigs (Crl:(HA) BR COBS) weighing 
250-300 g were purchased from Charles River Labs (Kingston, 
NY). They were individually housed in polycarbonate cages 
in temperature (21 ±2°C) and humidity (50± 10%) controlled 
quarters that were maintained on a 12h light-dark schedule 
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Figure 1. Chemical structures ofthe nerve agents sarin, saman, and the V-agents VR and VX. 



(with lights on at 06:00 h). Laboratory chow and filtered tap 
water were freely available whenever the animals were in 
home cages. Animals were allowed to acclimate for 1 week 
prior to experimentation. 

Although rat and mouse models have been developed 
for nerve agent studies, the guinea pig is considered to 
be a more suitable animal model (Inns and Leadbeater 
1983). Unlike rats or mice, guinea pigs do not possess 
high levels of carboxylesterase, which non-specifically 
bind nerve agents such as sarin or soman and reduce 
their availability. In addition, guinea pigs are more similar 
to non-human primates in their response to pyridostig
mine bromide pre-treatment for protection against nerve 
agents (Maxwell et al. 1987; 1988). Guinea pigs have been 
used previously to study protection against acute nerve 
agent toxicity, prophylactic and therapeutic treatment of 
nerve agent-induced seizures, and pathology following 
nerve agent exposure (Shih et al. 1996; 2003; 2007; 2009; 
MCDonough and Shih 1997; Shih and McDonough 1999; 
Atchison et al. 2004). 

Materials 
Chemicals/ drugs 
Atropine methyl nitrate (AMN), neostigmine bromide 
(Br), ACh chloride, choline chloride, acetylthiocholine 
iodide, glucose, sodium chloride (NaCl), potassium chlo
ride (KCl), magnesium chloride (MgCI

2
), calcium chloride 

(CaCI
2
), l-octanesulfonic acid sodium salt, Triton-X100, 

and monobasic sodium phosphate (NaH
2
P0

4
) were pur

chased from Sigma-Aldrich (St. Louis, MO). Reagent MB 
was obtained from ESA Biosciences, Inc. (Chelmsford, MA). 
Phosphoric acid (HPLC Grade), dibasic sodium phosphate 
(Na

2
HP0

4
), and Tris (hydroxymethyl) amino methane 

were purchased from Fischer Scientific (Fair Lawn, NT). 
Saline (U.S.P.) was purchased from Braun Medical, Inc. 
(Irvine, CA). Heparin sodium was purchased from U.S.P., 
Inc. (Rockville, MD). Pentobarbital sodium and buprenor
phine HCI were purchased from Ovation Pharmaceuticals 
(Deerfield, IL) and Reckitt Benckiser Pharmaceuticals, Inc. 
(Richmond, VA), respectively. Isoflurane liquid for inhala
tion was purchased from MINRAD Inc. (Bethlehem, PA). 
Soman (pinacolyl methylphosphonofluoridate), sarin 
(isopropyl methylphosphonofluoridate), VX (O-ethyl S-(2-
(diisopropylamino ) ethyl ) methylphosphonothioate), and 
the Russian V-agent VR (O-isobutyl S-(2-(diethylamino) 
ethyl)methylphosphonothioate) were obtained from 
the US Army Edgewood Chemical Biological Center 
(Aberdeen Proving Ground, MD). DTNB (s, S'-dithiobis 
(2-nitrobenzoic acid), bicinchoninic acid (BCA) Protein 
Assay Reagent A (sodium carbonate, sodium bicarbo
nate, BCA" detection reagent, and sodium tartrate in 0.1 N 
sodium hydroxide), and BCA Protein Assay Reagent B (4% 
cupric sulfate) were purchased from Pierce Biotechnology, 
Inc. (Rockford, IL). DTNB was prepared in Tris buffer 
(O.OSM, pH 8.2) to a concentration of0,424M. Nerve agents 
and AMN were diluted in normal saline to a concentration 
to inject O.S mllkg. 
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Equipment 
Microdialysis guide cannulae (lSmm; part No. MD22S0) 
and probes (BAS BR-2; 0.34mm OD, part no. MD-2200) were 
purchased from Bioanalytical Systems (BAS) (W. Lafayette, 
IN). QND software and NE-4 amplifier were purchased from 
Neurodata, Inc. (Pasadena, CA). Kopf dual arm stereotaxic 
frame and Kopf electrode angle calibrator (model 93S) were 
purchased from David Kopf Instruments (TUjunga, CA). 
Cortical electroencephalographic (EEG) screws were pur
chased from Plastics One, Inc. (Roanoke, VA), stainless steel 
wire fromA-M Systems, Inc. (Sequim, WA), connector from 
March Electronics, Inc. (Bohemia, NY), and dental acrylic 
from Lang Dental Mfg. Co., Inc. (Wheeling, IL). The high 
pressure liquid chromatography (HPLC) system consisted 
of a pump (Model 582), autosampler (Model 542), detector 
(Coulachem III), analytical column (ESA ACH-250 5-llm 
particle size, 250 x 3.2 mm), post column reactor (ACH-SPR 
Part No. 70-0640), and analytical cell (Model 5040), all from 
ESA Biosciences, Inc. (Chelmsford, MA). 

Surgery 
Guinea pigs were anesthetized with isoflurane and surgi
cally implanted with both cortical screw electrodes and a 
micro dialysis guide cannula, using standard aseptic surgi
cal techniques reported previously (Shih and McDonough 
1999). Briefly, guinea pigs were placed in the stereotaxic 
frame and three cortical stainless-steel screw electrodes 
were implanted in the skull: two were placed bilaterally 
- 3.0 mm lateral from the midline and equidistant between 
bregma and lambda; the third was placed on the posterior 
calvaria as the reference electrode. Stainless-steel wires 
attached the screws to a miniature connector plug. The 
guide cannula was aimed at the striatum ( + 1l.4 mm ante
rior, +3.6 mm lateral, -4.6 mm ventral to the skull surface) 
based on the atlas of Luparello (1967) using a zero coordi
nate. The screws, wires, connector, and guide cannula were 
then anchored to the skull with dental acrylic. The guinea 
pigs received 0.07 ml of 0.15 mg/ml buprenorphine HCI s.c. 
prior to and following surgery for pain control. The guinea 
pigs were allowed to recover for 6-10 days before the experi
mentbegan. 

Experimental procedures 
A schematic representation of the time-line of the experi
ment is presented in Figure 2. On the day of the experiment, 
blood (0.25-0.5 ml) was drawn using the toe nail clip method 
(VallejO-Freire 1951) for determination of baseline AChE 
activity. The animal was then placed in an individual sample 
collection chamber (23 cm deep x 31 cm wide x 45 cm high). 
The cortical screw electrodes were connected to an ampli
fier. EEG recordings were captured using QND software on 
a Macintosh personal computer (low frequency filter = 0.3 
Hz; high frequency filter=40 Hz; sampling rate = 128 Hz) 
and displayed on a monitor, as reported elsewhere (Shih and 
McDonough 1999). The analog signal was amplified with an 
NE-4 amplifier before being processed on the Neurodata 
digital Signal processor board. A brain micro dialysis probe 
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6 day recovery 1 day 
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Figure 2. Schematic depiction of the time-line of the micro dialysis experiment. 

was inserted into the guide cannula, and perfused at a con
stant rate of 1.5 ~l! min with an artificial cerebrospinal fluid 
containing 140mM NaCl, 3mM KCl, 1mM MgC1

2
, 1.2mM 

CaC12, 1.2 mM Na2HPO 4' 0.27 mM NaH2PO 4' 74 mM glucose, 
and 211M neostigmine Br (pH 7.4). Animals were allowed 
to move freely during the course of the experiment, as the 
EEG/microdialysis tether allowed them to reach any area 
of the collection chamber. A 2-h normalization period was 
allowed to pass before commencing the continuous collec
tion of dialysate samples at IS-min intervals (volume per 
sample = 22.5 ~l) in 250-1li micro centrifuge tubes. Baseline 
dialysate samples were taken for 60 min (four IS-min frac
tions) prior to administering AMN, 1.0 mg/kg, i.m. AMN lim
its secretions of mucus and saliva to keep the airways clear to 
enhance survival during the collection period, but it does not 
cross the blood-brain barrier to interfere with CNS events. 
AMN was administered 30 min before a 1.0 x LD 50 s.c. dose 
of a nerve agent (sarin, 42.0 ~g/kg; soman, 28.0 ~g/kg; VR, 
11.3 J.lg/kg; orVX, 8.0 I1g/kg). Agent vehicle control animals 
(AMN/SAL) were administered AMN Lm. followed 30min 
later by saline s.c. instead of nerve agent. A separate group 
of animals was treated with saline Lm. in place of AMN and 
30 min later with another dose of saline s.c. to serve as the 
saline/saline (SAL/SAL) control group. In total, there were 
six separate treatment groups: a SAL/SAL control group, an 
AMN/SAL control group, and four AMN/nerve agent groups 
(sarin, soman, VR, orVX). EEG recording and dialysate col
lection were continued for at least 210 min after nerve agent 
administration. The collected dialysate samples were stored 
at -20°C until analysis. At -24h post-exposure, a second 
blood sample was drawn for AChE analysis from the subjects 
that survived. Survivors were then deeply anesthetized with 
pentobarbital sodium (75-100 mg/kg, L p.) and perfused with 
saline followed by 10% neutral buffered formalin for verifica
tion of probe location. 

ACh and choline (Ch) analysis 
ACh and Ch levels within dialysate samples were quantified 
using isocratic HPLC with electrochemical (EC) detection. 
The autosampler injected 10 ~l of each sample and separa
tion was achieved with the ESA analytical column at 27°C. 
The mobile phase (pH 8.0) was composed of anhydrous 
Na

2
HP0

4 
(100mM), l-octanesulfonic acid (2mM), and 

an anti-microbial agent Reagent MB (50 11l!1 of deionized 
water) and was delivered at a constant rate of 0.350 ml/min. 

To facilitate EC detection, a post column enzymatic reactor 
was utilized to convert ACh and Ch to detectable hydrogen 
peroxide (Lallement et al. 1992; Moor et al. 1998; Tonduli et al. 
1999). The detector gain was set at 100 nA for Ch and 50 nA for 
ACh. The signal from the amperometric cell was delivered to 
a computer, and the digitized signal was then analyzed with 
EZchrom elite software (Scientific Software, Pleasanton, CAl. 
The system was calibrated using a set of standards ranging 
from 0.63-10 pmoles of ACh and 1.07-25 pmoles of Ch. The 
typical retention time was 5.0 min for Ch and 7.6 min for ACh 
with excellent peak separation. 

Blood collection and processing 
Approximately 0.25-0.5 ml of blood was collected into a tube 
with 50 Ili of heparin sodium (15 units/ml) prior to exposure, 
and then again from 24-h survivors. For whole blood (WB) 
preparation, 20 Ili of collected blood was diluted (1:25) in 
1 % Triton-X100 (in saline) and mixed briefly. For red blood 
cell (RBC) samples, the remaining blood was centrifuged 
(5 min; 16,OOOxg), the plasma removed, and 10 Ili of packed 
RBC were diluted (1:50) in 1% Triton-X100 (in saline) and 
mixed briefly. The diluted WB and RBC samples were frozen 
at -80°C until analyzed for AChE activity. 

AChE activity 
AChE activity was measured in a spectrophotometer using 
the cplorimetric method of Ellman et al. (1961) modified for 
use with a microplate reader (Shih et al. 2005; 2009). The WB 
and RBC AChE activities were determined in triplicate using 
DTNB (0.424 M) as the chromatophore and a supersaturated 
concentration of acetylthiocholine (17.1 mM) as the substrate. 
A sample volume of 10 Ili was added to each well to place 
results within the optimal detectable range of the assay. The 
plate was read at 410nm at 20-s intervals for 3.5 min using a 
Spectramax Plus 384 microplate reader (Molecular Devices 
Corporation, Sunnyvale, CAl, and the activity (Ilffi0l!min/ 
ml) was determined using Softmax Plus 4.3 LS software 
(Molecular Devices Corporation). 

Statistical analysis 
All results are expressed as mean values ± SEM. Blood AChE 
data were analyzed via a univariate general linear model with 
a type I sum of squares (fixed factor-group; covariant-base
line; dependent-exposure). Comparison of groups according 
to seizure occurrence and mortality within seizure groups 
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was made using a cross~~tabulated Chi-square test followed by 
pair-wise comparisons with Fisher's exact test. Seizure onset 
times were compared using a one-factor ANOVA. Raw base
line ACh and Ch concentrations (first four IS-min samples 
before AMN administration) for the control and experimental 
groups were subjected to ANOVA with repeated measures. 
The post-exposure values of each subject were taken as a 
percentage of that subject's average baseline concentration, 
and these values were used for statistical analyses to reduce 
error and focus on time-course changes. It was necessary 
to perform a natural log transform of the data to meet the 
homogeneity of variance assumption. First, SAL/SAL and 
AMN/SAL groups were compared to examine the effect of 
AMN, and then seizure (S) and non-seizure (NS) groups 
were compared to the AMN/SAL group separately for each 
individual agent. Analyses were performed with repeated 
measure ANOVA followed by one-way ANOVA to compare 
nerve agents at each observation time. Post-hoc analysis was 
done using Tukey's Multiple Comparison test. In all cases, 
significance was set at p:s 0.05. All tests were run using SPSS 
(PASW) 17 for windows. 

Blood could not be drawn from subjects that did not 
survive or were in a near death state at 24 h, and was not 
collected from a pair ofVX NS animals at time of perfusion. 
Therefore, blood AChE data from animals with poor micro
dialysis collection volumes and unusable HPLC results were 
included out of necessity to obtain enough samples for sta
tistical analysis. Animals with dialysate volume insufficient 
for HPLC analysis were, however, not included in seizure 
occurrence and mortality figures so that comparison of the 
ACh and seizure/mortality results could be consistent within 
the same group. 

Results 

Seizure occurrence and lethality 
EEG recordings were used to identify whether or not seizure 
activity occurred. Seizure onset was operationally defined as 
the appearance of ~ 10 s of rhythmic high amplitude spikes 
or sharp wave activity in the EEG. Once developed, seizures 
continued throughout the rest of the day during the period 
of dialysis collection. Typical examples of cortical EEG 
recordings of baseline, non -seizure, and seizure activity 
are displayed in Figure 3. The toxic response to a 1.0 x LD 50 
nerve agent dose was highly variable; in some animals the 
toxic signs progressively developed into seizures, whereas in 
others, they did not. Figures 3(A) and (B) show baseline EEG 
activity and non-seizure EEG activity, respectively. When sei
zures did develop in an animal, seizure activity was typically 
maintained for the duration of collection (- 4h). Figure 3(C) 
shows representative EEG seizure activity or status epilepti
cus elicited by the agents. Seizure occurrence rates were 42% 
(8/19) for sarin, 68% (19/28) for soman, 84% (16/19) for VX, 
and 80% (12/15) for VR. Seizure occurrence in VX and VR 
groups was significantly higher than that of the sarin group. 
Twenty-four hour mortality, 26% (5/19) for sarin, 25% (7/28) 
for soman, 42% (8/19) for VX, and 27% (4/15) for VR, did 
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Figure 3. Typical EEG recordings before and after nerve agent exposure. 
(A) Baseline EEG activity. (B) EEG in non-seizure group. There were small 
EEG disturbances; however, no seizure activity followed. (e) Status epilep
ticus in nerve agent-treated seizure animals. 

not differ between agents and, most notably, mortality was 
only observed in animals that developed seizures. All of the 
animals that failed to develop seizures survived for 24 h after 
exposure. This difference in mortality between seizure and 
non-seizure groups was highly significant (Chi-square =21.41, 
df= 1, p< 0.001). 

The mean time for seizure onset observed for sarin and 
soman was 18±4.8 (n=8) and 23±2.0 (n=19) min, respec
tively. VR followed next with a mean seizure onset time of 
33±3.0 (n= 12) min, while VXshowed the longest time from 
exposure to seizure onset with a mean time of 41 ± 2.8 (n = 16) 
min. Sarin-induced seizures had significantly shorter laten
cies than VR- orVX-induced seizures, while soman-induced 
seizures had significantly shorter latencies than VX-induced 
seizures. 

Blood AChE activity 
Average baseline blood AChE activities for the treatment 
groups ranged from 2.1-2.7 jlmol/min/ml for RBC and WB 
(Table 1). The SAL/SAL and AMN/SAL controls showed no 
effects on AChE activity. As would be expected, WB and RBC 
AChE activity was significantly inhibited in the nerve agent 
ext>osed groups relative to their baseline values or the SAL/ 
SAL and AMN/SAL groups when measured 24h after agent 
exposure. Notably, there were no differences in either RBC or 
WB enzyme activity between S and NS groups within the four 
nerve agent groups 24 h after exposure. 

Striatal ACh and Ch levels 
Basal extracellular striatal ACh ranged between 0.27-7.10 
pmol/lO jll sample. No significant differences were found 
between the basal levels of the individual treatment groups. 
The SAL/SAL control group showed no significant change in 
ACh during the entire experimental period. Figure 4 shows 
the time-course changes of ACh in Sand NS groups after 
exposure to 1.0 x LD50 of sarin (Figure 4A), soman (Figure 4B), 
VX (Figure 4C) or VR (Figure 4D). 

The ACh levels of the AMN/SAL group were significantly 
elevated relative to the SAL/SAL group for a 1 h period from 
4S-90min after the sham agent injection, as indicated in 
Figure 4(A). In contrast, the SAL/SAL group showed no 
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Table 1. AChE activity in RBC and WB (mean activity ± SEM). 

RBC 

avg24hpost-
avg baseline activity exposure 

Treatment group n (Ilmoles/ mI/ min) (Ilmoles/ml/min) 
Saline/ saline 11 2.412 ± 0.065 2.328 ± 0.102 
AMN/saline 6 2.220 ± 0.208 2.382 ± 0.208 
Sarin seizure 5 2.346 ± 0.160 0.122±0.017 
Sarin non-seizure 9 2.562 ± 0.245 0.171±0.020 
Soman seizure 15 2.489 ± 0.081 0.161 ± 0.029 
Somannon- 10 2.417 ± 0.150 0.210 ± 0.046 
seizure 

VXseizure 5 2.444 ± 0.122 0.644±0.100 
VX non-seizure 1 2.731 ±n/a 0.220±n/a 
VRseizure 10 2.448 ± 0.074 0.568±0.132 
VR non -seizure 3 2.503 ± 0.090 0.437±0.048 

changes in ACh levels throughout the different collection 
periods. In subsequent analysis, all agent exposed groups 
were compared to the AMN/SAL group. Figure 5. 

Both the sarin S and sarin NS groups (Figure 4A) had 
ACh levels that were significantly elevated over those of the 
AMN/SAL group. The sarin S group showed a significant 
ACh increase (354.3 ± 84.8%) 45min after the nerve agent 
injection and a maximal increase (411.1±84.8%) at the 
90 min post-exposure sample time. The sarin S group also 
had significantly higher ACh levels than the sarin NS group 
90min after exposure (431.36±68.2 and 245.41±27.9%, 
respectively). Both the sarin S and sarin NS groups had 
Significantly elevated ACh levels relative to the AMN/SAL 
group starting - 45 min after sarin administration and last
ing for almost 2 h after that. 

The soman S group (Figure 4B) showed a significant rise in 
ACh (258.3± 17.1 %) relative to the AMN/SAL group at start
ing 60 min after exposure, with a maximal increase in ACh 
occurring at 75 min after exposure. ACh levels remained sig
nificantly above AMN/SAL control levels and the soman NS 
group at virtually all subsequent time points. 

The VX S group (Figure 4C) showed a significant increase 
in ACh (261.4±27.6%) levels relative to AMN/SAL group 
starting at 60 min after exposure, and experienced its greatest 
increase in extracellular ACh levels (415.9 ± 33.7%) within the 
first 105 min follOwing exposure. The ACh increase remained 
above control levels until 195 min after VX exposure. The VX 
NS group was similar to the AMN /SAL group through all but 
one collection period. The VX Sand VX NS groups were not 
Significantly different, although the VX S group had higher 
ACh levels than the VX NS group in all but three of the 14 
post-exposure collection periods. 

The VR S group (Figure 4D) showed a significant increase 
in ACh levels starting at 60 min after exposure compared to 
the AMN/SAL group. These ACh levels remained 300-400% 
above control levels throughout the duration of the collec
tion, and were Significantly greater than VR NS levels from 
60-90 min post-exposure. 

For all experimental groups, baseline Ch levels ranged 
between 2.01-5.20 pmol!10 !il of sample. When compared 
with ACh levels, Ch showed a larger variability among 

WB 

avg baseline avg 24 h post-
activity exposure 

avg % baseline (Ilmoles/ml/min) (Ilmoles/ml/min) avg % baseline 

96.8% ± 4.232 2.415 ± 0.123 2.330 ± 0.114 97.2% ± 3.637 

107.7% ± 4.882 2.245 ± 0.141 2.273 ± 0.164 101.5% ± 3.724 

5.3% ±0.798 2.472 ± 0.033 0.516±0.058 21.1 % ± 2.536 

6.9% ± 0.751 2.231 ± 0.148 0.651 ±0.037 29.6% ± 1.278 

6.5%± 1.093 2.133 ± 0.139 0.375±0.033 18.3% ± 1.654 

8.9% ± 1.688 2.105 ± 0.252 0.366 ± 0.030 16.5% ± 1.353 

26.2% ± 3.395 2.666 ± 0.144 1.100±0.057 42.0% ± 4.130 

8.1% ± n/a 2.576±n/a 0.805 ±n/a 23.5%±n/a 

22.8% ± 4.659 2.427 ± 0.078 1.513±0.132 62.9% ± 5.950 

17.3% ± 1.347 2.740 ± 0.107 1.327 ± 0.122 48.3% ± 2.992 

animals. Basal Ch levels were not significantly different 
between treatment groups. Additionally, nerve agent treat
ment did not significantly alter Ch levels, and no general 
trends were evident (data not shown). 

Discussion 

In this study intracranial micro dialysis was used to monitor 
changes in extracellular ACh levels in the striatum during 
cortical EEG recording following acute exposure to 1.0 x LD 50 
of the four nerve agents sarin, soman, VX, or VR in unanes
thetized freely moving guinea pigs. This exposure procedure 
resulted in two populations of animals, those that devel
oped seizures following agent exposure and those that did 
not seize. Across all agents, those animals that developed 
seizures displayed higher levels of striatal ACh follOwing 
seizure onset than those animals that did not seize or the 
AMN /SAL controls. While the elevations in ACh levels in the 
seizure animals relative to the non-seizure animals were not 
always statistically significant at many time points (sarin) 
or with all agents (VX), there was a clear trend across all 
the agents that seizure activity resulted in significant and 
sust<fined elevations in ACh compared to the animals that 
did not develop seizures. There were no differences in the 
degree of AChE inhibition in blood produced by the differ
ent agents between the animals that developed seizures and 
those that did not. Also, 24-h lethality was observed across 
all the agents, but only in animals that developed sustained 
seizure activity. 

Tonduli et al. (1999) administered a seizurogenic ED50 
of soman to rats and recorded EEG for power spectrum 
analysis as well as assaying for cortical AChE and extracel
lular ACh concentrations. Much like the current data, they 
found seizures associated with AChE inhibition> 65% and 
an ACh elevation> 200% of baseline. They found that only 
rats that lacked an increase in the gamma band devel
oped seizures. They concluded that seizure occurrence 
was determined not only by ACh increase, but also by 
differences in stress response, because the gamma band 
is associated with noradrenergic pathway activation and 
the sympathetic response to stress. Our non-seizure ACh 
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Figure 4. Sustained significant ACh elevation distinguishes S from NS groups, and earlier ACh increases distinguish sarin and soman from the V-agent 
groups. Changes in extracellular striatal ACh concentrations after exposure to 1 x LDso of sarin (A), soman (B), VX (C), or VR (D). Points and error bars 
represent the mean of ACh concentrations taken as percentages of the baseline of each individual subject ± SEM. Times of AMN and nerve agent injec
tions are indicated on the x-axis, as well as average seizure onsettimes. a. p < 0.05 vs SAL/SAL (SAL = saline). b. p < 0.05 vs AMN/SAL. c. p< 0.05 vs AMN/ 
Nerve agent NS (non-seizure). 

Figure 4. continued on next page 
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Figure 4. Continued. 
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levels were nearly identical to their seizure counterparts 
prior to seizure initiation. It was only after seizure onset 
that the two groups started to separate. Therefore, while 
ACh elevations and subsequent enhanced neuronal 
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activity may be a major driving force behind seizure 
initiation, there are likely to be other factors that trigger 
seizure activity and the subsequent dramatic increases in 
extracellular ACh. 
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The presence and sustained duration of elevated extra
cellular ACh levels can be used to make clear distinctions 
between seizure and non-seizure groups within each nerve 
agent exposure group. Elevated extracellular ACh levels 
in the sarin and VX seizure groups returned to levels that 
were not Significantly different from controls within 4 h after 
nerve agent administration, even while seizure activity per
sisted. In contrast, concentrations of ACh in the soman and 
VR seizure groups were still elevated above control levels 
at the end of the experimental collection period, indicating 
a more prolonged effect of these agents on this measure. It 
is clear from the data that the seizure activity per se played 
a significant role in increasing striatal ACh levels over and 
above that produced by nerve agent intoxication alone. 
This demonstrates that in animals experiencing cholinergic 
intoxication sufficient for seizure to develop, the sustained 
elevation of striatal ACh greater than the animals that did 
not develop seizures results from a cascade effect of addi
tional ACh release brought on by, and in turn possibly 
contributing to, the seizure itself. The exact mechanism(s) 
by which the seizures increase ACh may not be specific to 
nerve agent-induced seizures, and may be a general feature 
of prolonged experimental seizures. This is a potential area 
for future research. 

Agent groups were compared with the AMN/SAL group 
and not the SAL/SAL group because all agent groups 
received AMN pre-treatment. AMN has a predominately 
peripheral effect and does not readily cross the blood
brain barrier (Chambers and Chambers 1989; Shih 1991; 
Maalouf et al. 1998). AMN was administered to reduce the 
peripheral toxic effects, in particular salivation and mucus 
secretion, in the nerve agent-exposed subjects, and was not 
expected to interfere with seizure occurrence or the extra
cellular striatal ACh levels. However, the AMN/SAL group 
showed a rise in ACh levels compared with the SAL/SAL 
group that was significant when the normalized percent of 
baseline values were tested, but not significant when testing 
the raw concentrations. A similar effect was observed when 
the combination of neostigmine and atropine led to a sig
nificant rise in hippocampal ACh levels (Moor et al. 1998). 
There is some additional evidence that the micro dialysis 
guide cannula and probe may disrupt the blood-brain bar
rier, allowing drugs to cross into the area around the probe 
insertion site, which is why a sufficient recovery period must 
precede collection (Allen et al. 1992; Westergren et al. 1995; 
Groothuis et al. 1998). Thus, the ACh increases seen in the 
AMN/SAL group, as well as in the agent non-seizure groups, 
may be partially attributed to AMN acting on cholinergic 
auto receptors. 

Similar degrees of AChE inhibition in both WE and RBC 
were observed in the animals that both did and did not 
develop seizures. Thus, blood AChE concentration may not 
reliably predict between seizure and non -seizure outcomes. 
The two V-agents exhibited slower seizure onset and striatal 
ACh elevations when compared to sarin or soman. Such a 
difference in delay was also observed in a previous study 
(Shih et al. 2005), where inhibition of striatal AChE after 
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sarin or soman exposure (1.0 x LD50) was both more rapid 
and of greater magnitude than seen in VX or VR exposed 
animals. In that study, there were no differences in the onset 
or rate of AChE inhibition in blood or peripheral muscle 
tissues. Thus, the differences in the rate of AChE inhibition 
between peripheral tissue and brain have been attributed 
to the charge in structures and other physical properties 
associated with VX and VR molecules, which delay passage 
across the blood-brain barrier (Shih et al. 2005). 

One of the more interesting results of this study was the 
observation that only animals that experienced seizures were 
at risk of 24-h mortality, the traditional measure of nerve 
agent toxicity and the metric used to evaluate the success 
or failure of medical countermeasures. None of the animals 
that failed to develop seizure activity succumbed to the acute 
toxic effects of any of these four nerve agents. This observa
tion reinforces previous data demonstrating that prevention 
or rapid control of seizure activity is critical for survival of 
nerve agent intoxication and that seizure activity is a sig
nificant contributor to the lethal effects of these agents (Shih 
et al. 2003; 2007). 

In summary, following exposure to an LD 50 dose of the 
nerve agents sarin, soman, VX, or VR, striatal ACh levels 
increased and animals that developed seizures, regardless 
of the nerve agent, had significantly greater elevations in 
extracellular striatal ACh levels compared to those ani
mals that did not develop seizures or the controls. This was 
taken to indicate that the seizures per se contributed to this 
greater ACh increase, the mechanism by which this occurs is 
unknown. While AChE inhibition in blood was greater with 
sarin and soman than with either of the V-agents, there was 
no difference in levels of blood AChE inhibition between ani
mals that developed seizures and those that did not. Thus, 
blood AChE inhibition levels produced by the agents were 
not reliable indicators of seizure development. Regardless of 
the agent, all animals that did not develop seizures survived 
24 h, while lethality was observed only in animals that expe
rienced seizure activity. 
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